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Introduction
Epigenetic processes, such as DNA methylation and histone posttranslational modifications, ultimately define active or inactive states of chromatin that control gene expression. 1 In general, DNA methylation is associated with repressive, inactive chromatin and is a key stable and heritable epigenetic modification. 2 The majority of 5-methyl-cytosine methylation occurs at CpG dinucleotides that are modified up to 70-80% in a cell typespecific manner in human cells and are faithfully transmitted to daughter cells during cell division. 3, 4 DNA methylation is catalyzed by DNA methyltransferase enzymes DNMT1, DNMT3a and DNMT3b. DNMT1 maintains existing DNA methylation patterns, whereas DNMT3a and DNMT3b are mainly involved in the de novo establishment of DNA methylation marks. 5, 6 Neoplastic transformation is associated with alterations in DNA methylation, including both global hypomethylation and genespecific hypermethylation. 7 Gains in DNA methylation in cancer cells typically reflect hypermethylation of CpG islands in gene promoter regions, which can lead to gene silencing. Methylationdependent gene silencing is a normal mechanism for regulation of gene expression. 8 However, in cancer cells methylation-dependent
An obstacle in the treatment of human diseases such as cancer is the inability to selectively and effectively target historically undruggable targets such as transcription factors. here, we employ a novel technology using artificial transcription factors (ATFs) to epigenetically target gene expression in cancer cells. We show that site-specific DNA methylation and long-term stable repression of the tumor suppressor Maspin and the oncogene SOX2 can be achieved in breast cancer cells via zinc-finger ATFs targeting DNA methyltransferase 3a (DNMT3a) to the promoters of these genes. Using this approach, we show Maspin and SOX2 downregulation is more significant as compared with transient knockdown, which is also accompanied by stable phenotypic reprogramming of the cancer cell. These findings indicate that multimodular Zinc Finger proteins linked to epigenetic editing domains can be used as novel cell resources to selectively and heritably alter gene expression patterns to stably reprogram cell fate.
Significant emphasis has been placed on developing novel therapeutic strategies to selectively target and change the inappropriate gene expression patterns in cells to re-direct cell fate in human disease such as cancer. However, it is recognized that any therapeutic approach must entail the ability to generate long-lasting transcriptome changes-something not readily achieved by siRNA-and/or shRNA-mediated alteration of gene expression, which is transient in nature. 10, 11 Artificial transcription factors (ATFs) provide an alternative strategy to siRNA and shRNA, in that a DNA-binding domain (DBD) can be fused directly with a transcriptional effector domain and targeted to selective promoters in cells to mediate gene expression changes. 12 ATFs contain arrays of Cys2-His2 zinc finger (ZF) domains, which specifically interact with 3 bp (triplet of recognition) of DNA. 13 Using the alphabet of recognition between the ZF domain and the DNA triplet, multimodular proteins have been engineered [14] [15] [16] [17] [18] [19] [20] that recognize specific sequences of targeted promoters and regulate expression.
12,21 6ZF proteins (ZFPs) that target 18 bps represent optimized, state-of-the-art designs that exhibit high specificity/ affinity, and regulate single target genes with high selectivity. expression levels compared with empty vector control. ZF-126 DNMT3a, ZF-452 SKD and ZF-452 DNMT3a exhibited similar levels to that of empty vector. Therefore, ZF-97 was selected for further subsequent studies given its ability to transcriptionally repress Maspin with the DNMT3a catalytically active domain. Transductions with five different shRNAs that target Maspin demonstrated significant transcriptional repression compared with the empty vector control (Fig. 1D) . The Maspin shRNA 2 stable cell line was used in the subsequent studies as a positive control. Transduction of empty vectors and ZF-97 DNMT3a E752A had no effect on Maspin protein levels; in contrast, ZF-97 SKD and ZF-97 DNMT3a cells exhibit significant alteration of Maspin protein levels, reflecting 50% reduction ( Fig. 1E and F) . The Maspin shRNA 2 almost completely abolished Maspin protein levels (Fig. 1G) . Cells transduced with the empty vector, ZF-97 SKD, ZF-97 DNMT3a and ZF-97 DNMT3a E752A showed similar levels of infection based on GFP detection levels (Fig. 1H) . Anti-HA was detected in all ZF-97 containing cells, but not in the empty vector (Fig. 1H ). These results demonstrate that retrovirally delivered ZF-97 linked to silencing domains promoted Maspin downregulation in SUM159 cells similar (although weaker) to that of shRNA-directed silencing.
ZF-97 DNMT3a represses Maspin by targeted DNA methylation. To verify that ZF-97 DNMT3a is catalytically active and that targeted DNA methylation was dependent on the specific binding of ZF-97, SUM159 cells were transduced with empty vector, ZF-97 DNMT3a, ZF-97 DNMT3a E752A and DNMT3a only (untargeted domain). Genomic DNA of transduced cells was bisulfite converted and sequenced, and methylation patterns were examined within the Maspin promoter and exon 1 (Fig. 2) . ZF-97 DNMT3a directly targeted DNA methylation to the Maspin promoter, with the highest density of methylated CpG dinucleotides immediately downstream of the ZF-97 binding site >50% compared with controls ( Fig. 2) . Methylated CpG sites (50%) were found +429 downstream of the transcriptional start site (+1), which could reflect the folding and accessibility of these CpG sites within the higher order chromatin structure. Only background levels (<1%) of CpG sites were methylated in cells containing the catalytically dead mutant (E752A) and untargeted DNMT3a domain (lacking ZF-97), indicating that a functional ZFP domain and an active DNMT3a enzyme domain are required for targeted methylation in vivo. Cells transduced with ZF-97 SKD did not exhibit targeted DNA methylation (Fig. S1) . To determine if we could directionally target DNA methylation, we positioned the DNMT3a domain on the N-terminal region of the ZF-97 (originally cloned C-terminal). The DNMT3a ZF-97 significantly downregulated Maspin mRNA levels and similar levels of expression were seen in transduced cells (Figs. S2A and B) . DNA methylation was targeted to the adjacent region surrounding the ZF-97 binding site, similar to that seen with the C-terminal DNMT3a domain (Fig. S2C) . These results demonstrate the ability to selectively and efficiently target DNA methylation to the Maspin promoter, and that this methylation was not dependent on the orientation of the DNMT3a domain relative to ZF-97. This could be explained by the conformational freedom provided by our flexible linker Given the advantages and potential of ATFs, we sought to develop a novel ATF-mediated approach to epigenetically regulate genes via direct targeting of DNA methylation through the catalytic domain of DNMT3a. For this study, we focused on two genes of high relevance in cancer, which control the onset of the tumorigenic state of cancer cells: the tumor suppressor Maspin and the oncogene SOX2. The levels of expression of these two genes are critically controlled by DNA methylation. [25] [26] [27] Methylation of the SOX2 promoter irreversibly changes cell fate by promoting a switch from a proliferative state toward a differentiation state in multiple cell types, such as stem cells and cancer cells. In contrast, methylation of the Maspin promoter has been associated with onset of breast cancer tumorigenesis and metastasis. Herein, we show that the delivery of DNMT3a bearing ATFs that target the Maspin and SOX2 promoters causes stable and heritable downregulation of these genes in breast cancer cells via DNA methylation. These results open the door for ATFs to be used as a therapeutic strategy for the stable regulation of gene expression patterns to control cell fate and development.
Results

ATFs downregulate Maspin in breast cancer cells.
Maspin is a tumor suppressor that is silenced by DNA methylation in metastatic breast cancer cells, 25, 26 contributing to metastatic progression and being associated with poor prognosis. [28] [29] [30] [31] On the other hand, SOX2 encodes a master regulator transcription factor (TF) and has been implicated as an oncogene in breast cancer. 32, 33 Although SOX2 is epigenetically silenced by DNA methylation in normal epithelial cells, its promoter is overexpressed in advanced stage breast cancers, where it is essential to maintain aberrant self-renewal and tumor progression. 32, 33 Therefore, both Maspin and SOX2 contribute to breast cancer initiation and development in opposite ways.
We first engineered ATFs containing ZFPs coupled with the KRAB (SKD) domain (used as a positive control) and the catalytic domain of DNMT3a to target and epigenetically repress the Maspin gene (Fig. 1A) . We hypothesized that by directing the deposition of DNA methylation within the Maspin promoter we could trigger stable and heritable gene silencing, thereby increasing the oncogenic state of breast cancer cells. We have previously described the construction of three ZFPs designed to bind 18 bp sites in the Maspin proximal promoter 34 (Fig. 1B) . The ZFPs from ZF-97, ZF-126 and ZF-452 were C-terminally coupled to DNMT3a and a catalytic mutant that abolishes its enzymatic activity (DNMT3a E752A), 35 with a flexible linker that enables DNMT3a to methylate target sequences proximal to the ATF binding site (upstream or downstream) (Fig. 1A) . To determine if the designed ATFs were able to downregulate Maspin, we expressed the ATFs using the retroviral vector pMX-IRES-GFP in SUM159 breast cancer cells that express high levels of Maspin. Upon ATF transduction, ZF-97 SKD, ZF-97 DNMT3a and ZF-126 SKD, but not ZF-97 DNMT3a E752A or DNMT3a domain only, significantly downregulated Maspin expression relative to the empty vector control (Fig. 1C ). DNMT3a appears to be a weaker repressor, but still significantly downregulates Maspin construct were stably and heritably maintained over multiple cell generations.
The protein UHRF1 (ubiquitin-like, containing PHD and RING finger domains 1) is necessary for maintaining DNA methylation patterns during replication by recruiting DNMT1. 36, 37 To further verify the stable transmission of DNA methylation initiated by the ZF-97 DNMT3a ATF, we challenged ZF-97 DNMT3a clone 12 cells with siRNAs targeting the UHRF1 protein. We found that knockdown of UHRF1 (>90%) (Figs. 4C and D) led to a significant re-expression of Maspin relative to that of the non-targeted control (Fig. 4E) . This restored Maspin levels to those obtained after treatment with 5-aza (Fig. 4A) .
Collectively, these results demonstrate that the ZF-97 DNMT3a ATF directly targets CpG methylation adjacent to the ATF binding site. Over time the ATF expression is no longer detected and required for silencing, and these sites of methylation were read and transmitted by UHRF1/DNMT1 to stably convey the methylation pattern over multiple cell generations.
ZF-552 DNMT3a downregulates SOX2 in MCF7 cells resulting in reduced cell proliferation. Some breast cancers overexpress the SOX2 gene, and in these cancers SOX2 behaves like an oncogene. 38 Therefore, the SOX2 gene was targeted to determine if directed, stable silencing by DNA methylation (similar to what was observed with Maspin) would repress an overexpressed oncogene found in many breast cancers and, in contrast to repression of Maspin, if this repression could result in inhibition of cancer cell growth. A ZFP (ZF-552) was utilized coupled to the DNMT3a domain designed to bind a unique 18 bp region in close proximity to the transcription start site within the SOX2 promoter (manuscript submitted). Upon ZF-552 DNMT3a induction (+DOX) in MCF7 breast cancer cells that overexpress SOX2, we observed a downregulation of SOX2 mRNA (≥60%) and protein levels (>80%) compared with the empty vector and no DOX induction (Figs. 4F and G). A time-course cell viability assay was utilized to assess changes in cell proliferation after induction of the ATF (+DOX) and ATF shut-off (DOX removal). SOX2 repression was associated with arrest of cell proliferation following ATF induction. However, ZF-552 DNMT3a cells maintained robust cell arrest for at least 192 h after DOX removal (Fig. 4H) . In contrast, cells containing the empty vector, ZF-552 SKD or untargeted DNMT3a were able to recover and resume proliferation (Fig. 4H) . Our results indicate that the 6ZF-DNMT3a fusions nucleated a heritable transmission of DNA methylation separating the 6ZFs and the DNMT3a, which can mediate effective methylation in both orientations.
Downregulation of Maspin by targeted DNA methylation increases breast cancer cell colony formation. Maspin is silenced by DNA methylation in advanced breast cancers, contributing to metastatic progression. Therefore, we sought to examine if the downregulation of Maspin by ZF-97 DNMT3a targeted methylation led to anchorage-independent growth in soft agar similar to metastatic cells that lack Maspin expression. SUM159 is a poorly tumorigenic breast cancer cell line expressing high levels of Maspin. Transduced cells were seeded in soft agar and colony formation was examined. ZF-97 SKD, ZF-97 DNMT3a, and Maspin shRNA containing cells all induced colonies (>100 colonies) relative to empty vector, DNMT3a mutant or DNMT3a only cells (<10 colonies) (Figs. 3A and B) . Selected single colonies (ZF-97 DNMT3a clones 1-12) were recovered from the soft agar and expanded in culture medium. Importantly, qRT-PCR analysis of these clones revealed significant silencing of Maspin expression promoted by DNMT3a (Fig. 3C) . Moreover, low levels of expression of the retrovirally integrated DNMT3a construct were observed via qRT-PCR compared with the parental ZF-97 DNMT3a cells (Fig. 3D) . Genomic DNA from ZF-97 DNMT3a clone 10 and 12 were examined for the presence of the retrovirally integrated DNMT3a or SKD construct, using primers designed to overlap the retroviral vector with the DNMT3a or SKD domain, respectively. The integrated DNMT3a construct was detected in all of the constructs containing the DNMT3a domain, but not in cells containing the empty vector or SKD domains (Fig. 3E) . The integrated SKD was only detected in the ZF-97 SKD containing cells (Fig. 3F) . These results suggest that by 50 d post-infection, the ATF retrovirus exhibits diminished expression. Yet, the cells stably maintained Maspin downregulation, consistent with ATF-mediated epigenetic reprogramming of the Maspin promoter.
Maspin is stably and heritably repressed by DNA methylation. To address whether the initial methylation pattern of the targeted gene was inherited over multiple cell generations, we first treated ZF-97 DNMT3a clones 10 and 12 with 5-aza, an inhibitor of DNMTs and Maspin gene expression was restored (100% of control) (Fig. 4A) . The stable downregulation of Maspin seen in ZF-97 DNMT3a clone 12 was due to DNA methylation patterns similar to what was observed in the parental cells (ZF-97 DNMT3a) (Fig. 4B) . These data suggest that DNA methylation patterns imposed by the ZF-97 DNMT3a naturally occurring transcription factor KRAB domain (SKD), do not possess intrinsic enzymatic activity. Instead, these domains are used to repress gene expression by passively recruiting chromatin remodelers, histone-modifying enzymes, and other proteins. 39 Here, we employed DNMT3a to repress the Maspin and SOX2 genes. In contrast to the action of the KRAB domain, which recruits enzymes to repress gene transcription, 39 epigenetic effector domains such as DNMT3a are active enzymes that will directly repress promoter activity. Gene repression by DNA methylation occurs via recruitment of co-repressors to methylated over cell generations that were sufficient to promote stable cancer cell growth inhibition, even when the expression of the ZF agent was suppressed.
Discussion
We have generated novel molecular resources for ATF-mediated selective and heritable epigenetic repression of critical genes in cancer cells, showing for the first time that epigenetic targeting can stably reprogram cancer cells. Effector domains, such as the stable and heritable gene inactivation. 40 The C-terminal catalytic domain of DNMT3a is active, and when fused with a ZFP, directs CpG dinucleotides, such as mSin3 or Mi2-NuRD and histone deacetylases, to form condensed, repressive chromatin leading to The white bar corresponds to empty vector control, the red bars correspond to ZF-97, the gray bar corresponds to DNMT3a only, and the black bar corresponds to shRNA 2. Error bars represent sEM. statistical significance was analyzed using a t test (***p < 0.0001). (c) qRT-pcR results for Maspin expression in ZF-97 DNMT3a single clones (dark red bars 1-12) picked from soft agar and grown in culture for >50 generations. The white bar corresponds to empty vector control and the red bars correspond to ZF-97 sKD and ZF-97 DNMT3a (parental pool) included for technical reference. Maspin expression level is depicted relative to that of the empty vector control. Error bars represent sEM. statistical significance was analyzed using a t test (***p < 0.0001). (D) qRT-pcR results for the DNMT3a construct expression in select ZF-97 DNMT3a single clones (dark red bars). DNMT3a expression level is depicted relative to that of the empty vector control and the parental ZF-97 DNMT3a is included for technical reference. (E) Agarose gels from genomic DNA extracted from cells transduced with the empty vector, ZF-97 sKD, ZF-97 DNMT3a, ZF-97 DNMT3a single clones 10 and 12. Line indicates a lane on the same gel but was separated from subsequent lanes. Amplicons demonstrate products obtained with DNMT3a specific primers and (F) sKD specific primers.
ATF-97 and ATF-452 in activating Maspin expression. 34 In contrast, in cell lines carrying high Maspin levels, ZF-97 is more potent linked with both SKD and DNMT3a repressors, compared with ZF-126 and ZF-452. The relative affinities of ZF-97, ZF-126 and ZF-452 for their targets in vitro are very similar, in the lower nanomolar and even picomolar range. 34 Thereby, the higher potency of ZF-97 linked to transcriptional repressors is possibly associated with endogenous factors, such as target site localization relative to the transcriptional start site and promoter context. It will be interesting to obtain more data sets of repression in other promoter contexts to evaluate the influence of the target site in DNMT3a-repression of endogenous genes. Nevertheless, our preliminary data suggest that more proximal ZFPs repress more effectively than distally targeted proteins.
Our data suggest that in the context of the Maspin promoter, the DNMT3a appears to be a weaker repressor than SKD, but still significantly downregulates Maspin expression levels compared with empty vector control. One potential reason by which SKD leads to a potent repression could be due to the recruitment of histone deacetylases, 39, 42 which might promote effective promoter condensation of the Maspin promoter. However, one potential problem of SKD-mediated repression is the maintenance of the histone deacetylation over time, which requires persistent expression of the ZFP. In contrast, the longevity of the repressive effect promoted by DNA methylation seems to be permanently maintained or reprogrammed, even in absence of expression of the ZF. In the future, the engineering of bi-functional ATFs carrying both DNA methylation and histone deacetylation domains could enhance both, the potency and longevity of the repression.
As shown in our Figure S1 , the ZF-97 DNMT3a but not the ZF-97 SKD induced ~50% of methylation in the adjacent CpG sites. These methylation frequencies were not as high as those observed in metastatic cell lines lacking Maspin expression, such as MDA-MB-231 (average ~80% methylation 26, 43 ) and H157 (average ~99% methylation 44 ). Consistent with the lower methylation frequencies induced by the ZF-97 DNMT3a, the repression of Maspin transcript in the SUM159 cells was not complete, but was significant and sufficient to induce colony formation. There could be multiple reasons as to why the ZF-97 DNMT3a did not reach methylation levels like it is observed in highly metastatic MDA-MB-231 cells. ZF-97 has a high degree DNA methylation at the target sequence of reporter systems in vitro. 35 While repression can be produced with the use of siRNAs, these methods are of limited utility. 10, 11 For example, several regions of mRNA are generally targeted by multiple siRNAs to ensure successful targeted repression, increasing chances of offtarget effects. In contrast, ATFs allow the efficient downregulation of gene expression through targeting of a single sequence. Thus, the ability to stably and heritably alter gene expression states via epigenetic reprogramming in cancer cells could be utilized for new therapeutic approaches or to target genes of specific biological significance.
The tumor suppressor gene Maspin was utilized as a proofof-principle because it allowed (a) determination of the ability to repress Maspin by DNA methylation near the ZF-binding site (b) examination of the resulting tumorigenic phenotype after downregulation and (c) characterization of stable and heritable methylation patterns over multiple cell generations. We focused our studies of targeted DNA methylation on the ZF-97 protein because this DNA-binding domain exhibited the strongest repressive potential when linked to both the SKD and DNMT3a domains. The higher repressive capabilities of ZF-97 DNMT3a relative to proteins ZF-126 DNMT3a and ZF-452 DNMT3a could be associated with several factors. (1) The location of the ATF binding site relative to the transcriptional start site. ZF-97 targets an 18 bp sequence located very close to the transcriptional start site; thereby the nucleation of DNA methylation by this protein could interfere with transcriptional activity more effectively than upstream methylation events. DNA methylation is expected to either directly interfere with the binding of RNA-polymerase or other proteins necessary for transcription or to indirectly engage the recruitment of methyl-binding proteins and co-repressors in the close proximity of the transcription start site. (2) The accessibility and chromatin structure of the 18 bp target could highly influence the regulatory outcome of the ATF. We have previously reported that the efficacy of regulation of a given ATF depends on the cell line examined, which could be associated with target site accessibility and with the endogenous promoter context (for example, chromatin folding, presence of specific TFs, co-activators or co-repressors). 41 In breast cancer cell lines carrying a silenced Maspin gene, ZF-126 linked to a transcriptional activator (ATF-126) is in fact more potent than of ZFPs in mouse cancer models. We are utilizing nanoparticle technology to encapsulate ATF mRNA, which is less toxic and immunogenic than current delivery approaches. mRNA has a negligible chance of integration in the genome, therefore delivery of mRNA circumvents the problems associated with gene therapy. Overall our data demonstrate that it is possible to target "at will" DNA methylation to epigenetically and phenotypically reprogram cells. The ability to stably and heritably alter gene expression states via epigenetic reprogramming holds far reaching implications for treating human diseases, such as cancer.
Materials and Methods
ATF construction.
The Maspin and SOX2 6ZFP construction conditions were previously defined in reference 34. Maspin ZFP sequences are shown in Figure 1B and the SOX2 ZF-552 sequence is as follows 3'-GGC CCC GCC CCC TTT CAT-5' (manuscript submitted). The construction of the KRAB domain (SKD) was previously defined in reference 21 and 42. The DNMT3a catalytic domain (598-908 amino acids) and flanking sequences were amplified from human fibroblast cDNA and cloned in frame into pMX-IRES-GFP. 47 Catalytically dead versions of DNMT3a were generated by PCR-mediated mutagenesis of the active site ENV motif, by changing ENV to ANV (E752A). 35 The linker region between the ZFP and DNMT3a sequence is as follows: QAS PKK KRK VGR A.
Cell culture, RNA and DNA preparation. Human breast cancer cell lines SUM159 and MCF7 were obtained from the Tissue Culture Facility of the UNC Lineberger Comprehensive Cancer Center and the 293TGagPol cell line was obtained from the American Type Culture Collection (ATCC). Cell lines were propagated in growth medium specified by the ATCC. Cell cultures were harvested for RNA and DNA preparation after retroviral or lentiviral transduction, siRNA transfection, and following demethylating treatment using the RNeasy Kit (Qiagen) or the Puregene DNA Purification Kit (Gentra Systems) respectively, according to the manufacturer's protocol.
Retroviral and lentiviral shRNA infection. The retroviral vector pMX-IRES-GFP containing the Maspin ATFs and pRetroX-Tight-Pur containing the SOX2 ATF, and pRetroX-TetOn-Advanced was first co-transfected with a plasmid (pMDG.1) expressing the vesicular stomatitis virus envelope protein into 293TGagPol cells to produce retroviral particles. Transfection was performed using Lipofectamine (Invitrogen) as recommended by the manufacturer. Recombinant lentiviruses were generated using a three-plasmid system as recommended by the manufacturer (Open Biosystems; Huntsville, AL). The viral supernatant was used to infect the host cell lines (SUM159 and MCF7). pMX-IRES-GFP cells were collected 48 h after transduction for RNA, DNA or protein preparation. pRetroX-Tight containing MCF7 cells were selected using 2 mg/ml geneticin (Gibco, Invitrogen) and 5 μg/ml puromycin (InvivoGen). Cells were induced with 100 μg/ml of doxycycline (DOX).
siRNA transfections. SUM159 ZF-97 DNMT3a-clone 12 breast cancer cells were transfected with Human UHRF1 (siGENOME MU-006977-01-0002) and Human of sequence selectivity, which could restrict the binding of the DNMT3a in the Maspin promoter. Future engineering could benefit from targeting multiple sites in a single promoter, for example by directing multiple ZF-DNMT3a fusions, which could enhance the frequency of promoter methylation. The delivery of a single domain such as DNMT3a is unlikely to entail the complex repressive effect observed in natural metastatic cell lines, where multiple epigenetic constituents interact resulting in effective silencing. The combinatorial delivery of multiple enzymatic functions, uncovering several epigenetic modulators, could more effectively and permanently silence gene expression.
There are four lines of evidence that support the suggestion that heritable DNA methylation patterns are established through the action of ZF-97 DNMT3a. First, single soft agar colonies that proliferated through ≥50 cell generations were examined and found to lack expression of the retrovirus (ZF-97 DNMT3a construct), yet Maspin repression was maintained. Transcriptional silencing of retroviral constructs has been previously described after long-term culture of infected cells. 45, 46 The observation that while the levels of ZF-DNMT3a expression diminished over time but the methylation pattern initially nucleated by the proteins were stably maintained, open the door for ATFs to be used as a therapeutic strategy for the stable regulation of gene expression patterns to control cell fate and development. Although the residual expression of ZF-97 DNMT3a could still methylate the Maspin promoter, the dramatic loss of DNMT3a expression in clone 12 was not accompanied by a decrease of DNA methylation. This result supports the notion that the endogenous proteins could recognize and transmit the marks initially incorporated by the engineered proteins. Second, selected cell clones were treated with 5-aza, an inhibitor of DNMTs, and Maspin expression was restored to wild-type SUM159 levels. Third, DNA methylation was observed in ZF-97 DNMT3a clone 12 demonstrating the maintenance after multiple cell divisions of the original methylation pattern imposed by the ZF-97 DNMT3a. In the replication fork during cell division UHRF1 recognizes hemi-methylated DNA and interacts with DNMTs to faithfully methylate the daughter strands properly. Fourth, when UHRF1 was knocked-down in ZF-97 DNMT3a clone 12 cells, the level of Maspin increased similar to that observed with 5-aza treatment. This demonstrates that UHRF1 maintains the methylation pattern observed in these cells. The ability to silence the oncogene SOX2 and to mitotically arrest cell growth by targeted DNA methylation, most likely in G 0 /G 1 , is an exciting finding given that our technology sustained permanent, indefinite silencing of Maspin. Whereas, the conical SKD repressor domain coupled with ZF-552 (described by Stolzenburg S et al. submitted manuscript) returned to levels similar to that of empty vector, ZF-552 DNMT3a cells showed arrested growth for 8 d strongly suggesting that the silencing of SOX2 is persistent due to DNA methylation.
Delivery of ZFPs into a cell in vivo has been a major limitation that has provided challenges for the clinical application of ZF technologies. Colleagues and we are designing novel state-ofthe-art systemic delivery technologies for preclinical applications Anchorage-independent growth and cell viability assays. Anchorage-independent growth assays were performed using standard methods and evaluated visually for the presence of colonies that were greater than 2 mm in diameter. Cell viability was assessed by CellTiter Glo (Promega) according to the manufacturer's protocol.
Demethylating treatment with 5-aza-2'-deoxycytidine. 5-aza-2'-deoxycytidine (5-aza) (Sigma-Aldrich) was employed as a demethylating agent. ZF-97 DNMT3a clones 10 and 12 were propagated in freshly made growth medium containing 1 μM or 5 μM 5-aza for 3 d, with re-feeding of fresh media containing the drug every day. Cells were collected after treatment for RNA preparation.
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Note
Supplemental material can be found at: www.landesbioscience.com/journals/epigenetics/article/19507/ UBB (siGENOME MU-013382-01-0002) siRNAs using DharmaFECT (Dharmacon) according to manufacturer's protocol. siCONTROL Non-targeting siRNA no. 2 was used as a control. Cells were collected 72 h after transduction for RNA or protein preparation.
Quantitative real-time PCR. qRT-PCR was analyzed using the comparative ΔCt method (ABPrism software, Applied Biosystems; Foster City, CA) using GAPDH as an internal normalization control. Quantification is an average of at least 3 independent experiments and standard errors are indicated. Fold Maspin mRNA levels were expressed relative to control (cells transduced with an empty retroviral vector).
Western blotting and immunofluorescence. Transduced cells were lysed with RIPA Buffer (Sigma-Aldrich) for Maspin protein analysis and NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce Biotechnology) was used for SOX2 protein analysis. Western blotting was performed using standard methods. Antibodies included: anti-Maspin (BD PharMingen; San Diego, CA) diluted 1:500; anti-Tubulin (Sigma-Aldrich) was diluted 1:5,000; anti-UHRF1 (Abcam) diluted 1:1,000; anti-SOX2 (Cell Signaling Technology) diluted 1:1,000; and anti-H3 (Active Motif) diluted 1:10,000. For Immunofluorescence staining, transduced cells were grown on glass coverslips and stained according to standard methods. anti-HA (Covance) antibody was diluted 1:1,000 and detected with Alexafluor-594 (Invitrogen) goat anti-mouse diluted 1:500.
Bisulfite conversion, cloning and sequencing. Bisulfite modification of genomic DNA was performed using a procedure adapted from Grunau et al. as described previously in reference 49. Cloning and sequencing of PCR products were described previously in reference 50.
